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of Geochemistry, Chinese Academy of Sciences, Guangzhou, China, °College of Biological and

Agricultural Engineering, Jilin University, Changchun, China, ’Key Laboratory of Groundwater
Resources and Environment, Jilin University, Changchun, China

As key precursors of tropospheric ozone (Os) pollution, volatile organic compound
(VOC) pollution and related studies in China are mainly concentrated in developed
regions or metropolises, while there are few studies on VOC pollution in the heavy
industrial base in Northeast China. This study conducted a systematic survey of
VOCs' information for the first time in Jilin Province, covering eight prefecture-level
cities, ten major industries (e.g., petrochemical, chemical), and 130 major factories,
based on cruise monitoring for 2 months. The concentrations and compositions
(i.e., 65 species) of VOC were measured in real-time. The emission characteristics
of VOC, local source profiles, and the ozone formation potential (OFP) were further
analyzed to support Oz pollution control in Northeast China. On the provincial
scale, the concentrations of total VOC during the monitoring period ranged from
0.03 to 18321.5ug/m® and averaged at 607.9 + 20518 ug/m*. Among the
prefecture-level cities, Jilin City had the highest concentration level (1938.0 +
3811.3 ug/m?®) given the largest numbers of petrochemical factories, and the lowest
level (85.5 + 48.9 ug/m?) was found in Liaoyuan City. At the industrial scale, the
highest (1915.2 + 1842.6 pg/m?®) was detected in the petrochemical industry with a
major species of 1122-tetrachloroethane. The lowest VOC emission
concentration levels were found in the textile industry (57.8 + 44.6 ug/m3;
major species: xylene/ethylbenzene). Local source profiles in various industries
were established, and normalized OFP of corresponding species was calculated,
which are important parameters to evaluate the contribution of different VOC
sources to Oz pollution. Combined with provincial industrial structure and future
planning, we suggest two major industries including the chemical industry and
petrochemical industry in Changchun City and Jilin City are prior to being
optimized to reduce Oz pollution. This study contributes to the knowledge of
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the characteristics and source profiles of VOC emissions, providing an important
reference for the management or control of Oz pollution in Northeast China.
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Introduction

With the continuous acceleration of economic development
and urbanization, air pollution problems, such as PM, 5 and O3
pollution, have become increasingly prominent. Although
pollution levels of PM,5 those of O3
exacerbated (Wang et al,, 2020c; Fang et al.,, 2020; Liu et al,
2020; Lu et al, 2020). The formation of ground-level O; is
inseparable from its precursor, volatile organic compounds
(VOCs) and nitrogen oxides (NOy) (Ma et al., 2016). Due to
the complex chemical mechanism of VOCs (Wang et al., 2013;
Yan et al., 2019; Mohd Napi et al., 2020) and the non-linear
relationships between O3 concentrations and precursors (Xing

decreased, are

et al, 2011), the control of O; pollution poses a significant
challenge. Thus, a deep understanding of VOCs is necessary
to develop corresponding strategies for O pollution in different
regions.

VOCs refer to organic compounds that participate in
addition to
contributing to O; formation, numerous species in VOCs are

atmospheric  photochemical reactions. In
carcinogenic, teratogenic, and mutagenic to human health, which
can cause chronic harm to the human central nervous system
(Zhou et al., 2011; Zhu and Liu, 2014; Alabdulhadi et al., 2019).
Because of these hazards, the control of VOC pollution has
become an indispensable part of urban air quality and control
measures (Wu et al.,, 2015).

In recent years, research on VOCs mainly focused on the
following aspects. One is the chemical characteristics of VOCs
and their contribution to O3 pollution. Rajabi et al. (2020)
found that in the process of oil discharge, alkanes, such as
hexane and pentane, are the high-detected compounds. Tiwari
et al. (2010) reported that aromatics are the characteristic
compounds of the petrochemical industrial area of
Yokohama. Ku et al. (2021) claimed that alkenes make a
significant contribution to the atmospheric VOCs in
Shenyang City. The second aspect considers the source
profiles (Zhang et al., 2013b; Zhong et al., 2017; He et al,,
2020). The third aspect is the reaction mechanism of VOCs in
the atmosphere, mainly the one oxidizing free radicals
(Galano and Raul Alvarez-Idaboy, 2008; Shen et al., 2013).
The fourth aspect is the source apportionment of VOCs,
where positive matrix factorization (PMF) is a commonly
used method (Wei et al., 2019; Wang et al, 2020b). The
fifth is the development of elimination technologies of
VOCs. At present, low-temperature catalytic ozonation has
good prospects (Liu et al., 2022), and low-temperature plasma
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catalytic degradation of VOCs is also among the more
common methods (Bahri and Haghighat, 2014; Chang
et al., 2020). Studies on the characteristics of VOCs are
mostly conducted in densely populated and economically
developed areas in China, such as North China and South
China, while such studies are rarely conducted in Northeast
China.

VOC:s source profiles represent the composition pattern of
species emitted from a specified source category. The
establishment of the source profiles database provides an
analytical basis for the targeted composition and provides a
reference for numerical simulations. Due to various energy uses
and industrial structures, there are significant differences in the
sources of VOC pollution (Zhang et al., 2013a; Zhang et al,,
2018). Therefore, the determination of VOCs source profiles is
necessary for further control of local VOCs. The SPECIATE
database is currently the most comprehensive source category-
specific emission profile database established and integrated by
the U.S. Environmental Protection Agency (EPA) (Simon et al.,
2010). Many researchers have developed their own localized
region source profiles, such as North America and West Africa
(Garzon et al., 2015; Dominutti et al., 2019). However, the
studies on VOCs source profiles were mostly concentrated
around several megacities in China, such as the Beijing-
Tianjin-Hebei (BTH), Yangtze River Delta (YRD), and Pearl
River Delta (PRD) (Zhang et al., 2010; Xu et al., 2017; Guan
et al,, 2020). In addition to regional studies, there are also
numerous studies on VOCs in fast-developing cities, such as
Zhengzhou and Wuhan (Hui et al., 2020; Zhang et al., 2021).
Although China has carried out studies on source profiles in
various cities or agglomerations, there is still a lack of VOCs
source profiles in Northeast China.

The purpose of this study is to: 1) Understand the emission
background of VOCs in Jilin Province; 2) obtain the localized
source profiles of VOCs. Taking Jilin Province as an example, we
adopted cruise monitoring technology to measure the total VOCs
concentration around 130 key factories in ten major VOC
emission industries and obtained real-time monitoring data of
65 VOC species. Based on this information, we ascertained the
background status of major VOC pollution, and identified
industries that emit high levels of VOCs and compositions
with greater OFP. We provide a complete set of VOC source
profiles covering most industries and the OFP. The above
provides an important scientific basis for the management
and control of VOCs and numerical simulation in Jilin
Province of Northeast China.
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FIGURE 1

Topography and administration of Jilin Province. The spatial distribution of monitoring enterprises in each prefecture-level city. Yellow solid
triangles represent prefecture-level cities; red solid circles represent monitoring enterprises; black solid lines depict the boundaries of city/county/
district; the gradient color represents the altitude of Jilin province. Red solid lines point to the spatial distribution of monitoring enterprises in each

prefecture-level city.

Materials and methodology
Study area

Northeast China is a major industrial and agricultural base
in China, including three provinces, Liaoning, Jilin, and
Heilongjiang. Among them, Jilin Province (40°50'N-
46°19'N, 121°38'E-131°19'E) is located in the central part of
Northeast China and has a temperate continental monsoon
climate. The terrain shows evident characteristics of high
1). The total
population is 26.9 million, and the area accounts for

southeast and low northwest (Figure

approximately 12.3% of Northeast China. There are eight

prefecture-level cities (i.e., Changchun, Jilin, Siping,

Tonghua, Baishan, Liaoyuan, Baicheng, and Songyuan) and
one autonomous prefecture (i.e,, Yanbian Korean
Autonomous Prefecture). The proportion of forest land in
Yanji City, the capital of Yanbian Prefecture, exceeds 70%, and
it is an area dominated by forestry development. The

provincial capital (i.e., Changchun) has China’s largest
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automobile manufacturing factories (Chen et al., 2017), and
it is also a major transportation hub connecting North and
South in Jilin Province with Siping. In addition, the
petrochemical industry is mainly concentrated in Jilin.
Therefore, a modern industrial system with relatively
complete categories has been formed with the three pillar
industries of automobiles, petrochemicals, and agricultural
products processing, as well as the dominant industries of
medicine and optoelectronics.

Equipment

VOCs online monitoring technology mainly includes the Fourier
transform infrared (FTIR) spectrometer, proton transfer reaction
mass spectrometry (PTR-MS), and single-photon ionization mass
spectrometer (SPIMS) (Lian et al., 2020). SPIMS has the advantages of
high sensitivity and low detection limits compared to traditional
online monitoring techniques, but the disadvantages are that it cannot
discriminate isomers and has limited measurement species.
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In this study, SPIMS is selected with a time resolution of 5 s,
which has the advantages of fast detection speed and high
sensitivity. SPIMS includes three parts: the membrane inlet
system, ionization system, and mass spectrometry system.
Firstly, the gas samples are selectively passed through the
polydimethylsiloxane membrane (PDMS), and subsequently
enter the ionization system. The gas is ionized by a vacuum
ultraviolet lamp (10.6 eV) into molecular ions. Then, the ions are
transmitted into the vertical acceleration reflective time-of-flight
mass analyzer, achieving qualitative and quantitative analysis of
different species. Finally, the electrical signal is collected by the
data acquisition system and stored in the computer.

SPIMS (single-photon ionization mass spectrometer) can detect
65 VOC species in real-time, grouped into eight classes, including
14 alkanes, 6 alkenes, 14 halocarbons, 10 OVOCs, 5 amines,
7 aromatics and 9 sulfides. Due to low mass resolution, SPIMS
usually cannot discriminate isomers, such as acetone/butane, and
hexene/methyl cyclopentane, we divided isomers into ‘else”
categories (Supplementary Table S1). Throughout the observation
period, the compositions of the VOCs are overall consistent.

Monitoring scheme

To accurately investigate the sources of VOC pollution in
Jilin Province, cruise monitoring vehicles were used to conduct
observations around key factories from 19 September 2018, to
27 October 2018, and multiple species were simultaneously
detected with high sensitivity. During the observation period,
the cruise navigation vehicle travels around the factory, or along
the side of workshop at a speed of no more than 20 km/h,
ensuring that it stays near the factory for 3-10 min, 5 m away
from the factory. We chose our monitoring period in clear
weather and weak wind meteorological conditions for
monitoring.

According to the distribution characteristics of industrial, the
monitoring routes cover various types of factories in Jilin
Province. These routes reflect the periods and regions of
industrial VOC pollution, and provide a comprehensive grasp
of pollution in Jilin Province. The cruise routes and three-
dimensional cruise concentration maps are shown in the
Supplementary Figures SA,SB.

More than 16 thousand legal entities in various industries were
involved in VOC emissions in Jilin Province toward the end of 2018.
By comparing VOC pollution in recent years in each prefecture-level
city, the scale of enterprises, and the enterprises with large VOC
emissions in the emission list, we selected 130 enterprises with large
VOC emissions, and the spatial distribution is shown in Figure 1.

The technical guidelines for VOC emission control in key
industries issued by the Ministry of Ecology and Environment
divided the industries into 5 major areas and 16 sub-industries:
petrochemicals, chemicals, industrial painting, packaging and
printing, and oil storage, transportation and marketing. This study
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subdivided industrial painting into automobile manufacturing (AM),
wood processing and furniture manufacturing (WPFM), electronics
and electrical (EE), and machinery manufacturing (MM) industries.
Combined with the results of the VOC emission inventory of Jilin
Province, the type of raw materials and products, and the processes
that mat be involved in emission of VOC, we divided 130 factories
into 10 industries in this study (Table 1), which cover most VOC
polluting industries in Northeast China.

Quality assurance and quality control

Before formally carrying out walk-around monitoring, a trial
run is required to start monitoring equipment and vehicles. A small-
scale walk around the area was carried out to confirm that the
vehicle, sampling system and monitoring equipment were operating
normally, the IPC could upload monitoring data, and the electronic
map showed accurate positioning and no significant delay.

The vehicle was equipped with DSG-1000 automatic gas
distributor (Guangzhou Huxin Instrument Co., Ltd.); carrier gas
(99.999% high purity nitrogen, Guangzhou Yuejia Gas Co., Ltd.);
of
monochlorobenzene at a concentration of 5 pmol/mol, and TO-

standard  mixture benzene, toluene, xylene and
14 standard gas at a concentration of 1 umol/mol (Dalian Dart Gas
Co,, Ltd.) to quantitatively calibrate the monitored major VOCs to
ensure the accuracy of the monitoring results (Supplementary Table
S2). The vehicle used in this study is a petrol vehicle, travelling at a
speed of no more than 20 km/h, with an analysis rate of 100 spectra/
second, approximately 0.05 m a spectral data, and powered by a UPS
battery. The results of the observation were influenced by the few
vehicles gas on the road, and to reduce the impact of vehicle
emissions, this study was conducted when there were no vehicles

passing around the factory.

Ozone formation potential

The ozone formation potential (OFP) is among the most
important indicators for assessing the contribution of ambient
VOCs to O3, which is also a parameter to measure the reactivity
of VOC species. Due to the existence of isomers and the lack of
reactivity of VOC species, this study calculates the OFP of 30 VOC
species. To assess the OFP in various industries, we use a normalized
concentration of VOCs. We performed the normalization process
by calculating the VOC species proportions. The OFP of each VOC
species is calculated by multiplying the individual normalized VOCs
concentration and the MIR value, as shown in Equation:

OFP, = [VOC], x MIR; (1)

where OFP; represents the OFP of VOC; g/g, MIR; is the
coefficient of component i, g/g, and VOC; is the normalized
concentration of VOC species, %. Details of MIR value are
provided in the research on Carter (Carter, 2012).
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TABLE 1 Number of VOCs emission-related legal entities in various industries registered in Jilin Province.

Jilin Changchun Siping Liaoyuan Yanbian
AM 1 16 8 — —
WPFM 5 4 — 2 1
MM 1 5 1 4 .
EE 1 1 1 — —
Packaging — 4 2 — —
Printing — 2 1 1 5
Petrochemical 7 — — — —
Chemical 22 1 1 6 1
Textile — — — 1 1
Others — 2 3 — 4
Summary 37 35 17 14 12

Tonghua Songyuan Baishan Baicheng Summary
- 1 3 — 29
- - — - 12
— 1 — — 12
— — — — 3
— — — — 6
— - — — 9
— 2 — — 9

8 — — — 39
— — — — 2
— — — — 9

8 4 3 0 130

Note: EE, electronic and electrical; MM, machinery manufacturing; AM, automobile manufacturing; WPFM, Wood Processing and Furniture Manufacturing. The factories in the “Others”

category are all composite factories, where there is more than one single source of pollution, including raw material releases, solvent use, and other sources.

Results

Summary of concentration and
composition of volatile organic
compounds

The real-time concentrations of VOCs in Jilin Province during the
monitoring period ranged from 0.03 to 18321.5 pg/m’, with an average
of (607.9 + 2051.8 pg/m’®) (Table 2). Based on the normalization of
compounds, the proportion of aromatics (25.4 + 49.7%) is the highest,
followed by halocarbons (22.0 + 34.6%) > alkanes (15.2 + 28.2%) >
alkenes (12.6 = 18.2%) > OVOCs (6.0 + 15.9%) > sulfides (5.2 +
14.8%) > others (4.5 £ 7.8%) > amines (2.9 + 7.6%). The top ten VOCs
concentration accounted for 52.2% of the total 65 VOC species.
Among them, concentrations of xylene/ethylbenzene (0-2151.8 g/
m’) had the highest share of TVOC, with ratio of 16.2 + 27.3%. The
other nine important species are 1,1-dichloroethylene (54 + 6.0%),
1,1,2,2-tetrachloroethane (5.3 + 8.3%), pentene (5.2 + 5.7%), pentane/
isopentane (3.5 £ 9.3%), methyl benzoate (3.3 £ 9.3%), butene (3.3 +
4.5%), tetrachloroethylene (3.3 + 4.5%), toluene (3.3 + 6.0%), and
trimethylbenzene (3.3 + 4.8%), respectively. During the real-time
monitoring, species with a maximum concentration of over
1000 pg/m’ include methyl benzoate (9417.7 ug/m’), phenylamine
(31072 ug/m’®),  xylene/ethylbenzene ~ (2151.8 pug/m’),
(1545.8 pug/m’), butene (1029.2 pg/m’).

isoprene

Local sources profiles of volatile organic
compounds for Northeast China

Differences in production processes, organic raw and
auxiliary materials, end-of-pipe treatment technologies, and
(e.g. traffic) lead to
variability in VOCs across factories within the same industry.

other factors climate, vegetation,
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Therefore, when establishing a VOC source profile, the
monitoring results are expressed as a percentage of the
various VOC species relative to the total VOCs concentration.
This study presents the local source profiles of VOCs for ten types
of industries in Jilin Province based on real-time monitoring data
(Figure 2).

For chemical and petrochemical industries, eight factories
emit an average concentration of VOCs above 600 pg/m’, which
marks a threshold of high emission. In the petrochemical
industry, only above eight factories accounted for 88.9% of
high concentrations. In other industries, the number of
factories emitting VOCs over 600 pg/m’ includes one in the
EE industry (33.3%), one in the packaging industry (16.7%), two
in the AM industry (6.9%), and three in the WPFM
industry (25%).

For the class of VOC source profiles, AM and WPFM
industries are dominated by aromatic pollution (AM: 31.1%;
WPFM: 35.4%). VOCs compositions in MM and EE
industries are similar, showing significant halocarbon
pollution (MM: 24.5%, EE: 28.3%), followed by alkanes
(MM: 22.5%, EE: 18.5%) and alkenes (MM: 15.9%, EE:
17.1%). Furthermore, the release of xylene/ethylbenzene in
the above four industries cannot be ignored, with the
proportion of 24.6% in AM, 25.1% in WPFM, 8.2% in
MM, and 4.6% in EE. In the packaging and printing
industries, the main pollutants are aromatics with xylene/
ethylbenzene (22.4%-23.7%). Furthermore, the halocarbons
release cannot be neglected. The halocarbon pollution
(35.4%) is similar to the aromatic pollution (38.1%) in the
packaging industry, while the percentage of halocarbons
(17.9%) is about half that of aromatics (32.1%) in the
industry. Although the
industries are similar

and
both
mainly emit halocarbons (petrochemical: 33.8%; chemical:

printing petrochemical

chemical in composition,
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TABLE 2 Summary of VOCs concentration from cruise monitoring in
Jilin Province.

Class

Alkanes

Alkenes

Amines

Sulfides

Else

Halocarbons

Species

Methyl cyclohexane
n-Heptane
n-Octane

Nonane

n-Decane
Undecane
n-Dodecane
n-Tridecane
Pentane/Isopentane

n-Hexane/Dimethylbutane

1,3-Butadiene
Butene
Isoprene
Pentene

Cyclohexene

Dimethylformamide
Phenylamine
Triethylamine
Diethylenetriamine

Diethylaniline

Methyl mercaptan
Dimethyl disulfide
Hexanethiol

Dimethyl sulfide/
Ethanethiol

Carbon disulfide/
Propanethiol

Ethyl thioether/Butyl
mercaptan

Acetone/Butane

Hexene/Methyl
cyclopentane

1,1-Dichloroethylene
1,3-Dichloropropene
Trichloroethylene
Trichloroethane
Dichlorobenzene
Tetrachloroethylene
1,1,2,2-Tetrachloroethane
Methylene bromide
1,2,4-Trichlorobenzene

1,2-Dibromoethane

Average

(%)

Maximum
(ng/m?)

102.6
44.0
371.3
199.5
68.6
86.6
67.7
449
293.2
27.5

152.8
1029.2
1545.8
345.6
54.0

27.0
3107.2
27.6
254
43.6

83.9
685.2
36.1
58.0

348.2

24.8
147.5

392.1
204.1
509.2
971.3
9.0
277.5
405.6
71.3
40.9
53.8
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TABLE 2 (Continued) Summary of VOCs concentration from cruise
monitoring in Jilin Province.

Class Species Average Maximum
(%) (ng/m’)

Hexachloro-1,3-Butadiene 0.4 (0.9) 66.5
Chloroethane 0.1 (0.3) 18.5
Chlorobenzene/1,2- 0.6 (0.9) 65.7
Dichloropropane

OVOCs n-Propyl alcohol 0.2 (0.4) 17.2
Ethyl formate 0.2 (0.3) 28.3
Methyl Tertiary Butyl 0.2 (0.4) 29.0
Ether (MTBE)
n-Propyl acetate 0.2 (0.7) 27.7
n-Butyl acetate 0.4 (0.8) 43.0
Xylenol 0.8 (2.4) 192.4
Methyl benzoate 3.4 (9.3) 9417.7
Trimethyl phosphate 0.5 (0.8) 46.1
n-Decanol 0.3 (0.7) 39.6

Aromatics Benzene 0.2 (0.4) 25.9
Toluene 3.3 (6.0) 404.9
Styrene 1.3 (7.0) 115.1
Trimethylbenzene 3.3 (4.8) 78.4
Diethylbenzene 1.1 (4.2) 56.6
Xylene/Ethylbenzene 16.2 (27.3) 2151.8

Note: Average values in the table are expressed as percentages of the normalized
concentration and in parentheses the percentage of the standard deviation calculated
from the normalized concentration. The maximum concentration represents the
maximum real-time concentration that occurs during monitoring.

22.9%), the second major class is different, i.e., alkanes
(13.5%) in the petrochemical industry, and aromatics
(20.9%) in the chemical industry. The top three VOCs
concentrations in the petrochemical industry are 1,1,2,2-
tetrachloroethane,  1,1-dichloroethylene, and methyl
benzoate, while in the chemical industry they are 1,1-
dichloroethylene, and
The

with  xylene/ethylbenzene

xylene/ethylbenzene, methyl

benzoate. textile industry is characterized by

aromatics, being the most

concentrated species in the industry.

Characteristics of volatile organic
compounds in the prefecture-level city

The regional distribution of VOCs factories, and because
our survey did not cover all VOCs factories resulted in the
evident spatiality of VOC pollution on the prefecture-level
city scale. Based on the available survey data, the average
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Local source profiles with the proportion of 65 VOCs species in various industries of Jilin Province. Due to large differences in the concentration

of pollutants in various industries, the ordinate scale is not uniform.
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Proportion (%)

Tonghua

central core urban agglomerations. The eastern regions of

Tonghua and Baishan have a single industry type, where the
VOCs were dominated by halocarbons (35.1%-36.0%). In the
cities of the central region (i.e., Jilin, Siping, and Liaoyuan)
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and western region (i.e, Songyuan),

three classes of

compounds (i.e., alkanes, alkenes, and halocarbons) occupy
approximately half of VOCs composition in various industries
(Figure 3). Furthermore, the primary pollutants in the
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FIGURE 4

Key contributing species to (A) top 10 VOC and (B) OFP in Jilin Province.

printing and chemical industries in Liaoyuan are aromatics,
accounting for 42.9 and 37.6%, respectively. In Jilin City, the
WPEM industry mainly emitted aromatics (27.1%), to a level
higher than the halocarbons emission (20.8%). In the central
provincial city (i.e., Changchun) and eastern city
(i.e., Yanbian), major VOC species are aromatics in most
industries. However, some industries are dominated by
halocarbons in Changchun, such as the EE and the

chemical industry.

Ozone formation potential

To assess the reactivity of various VOCs and their impact on
ozone, we calculated the ozone formation potential (OFP) with
normalized concentration.

Regarding the composition, OFP in Jilin Province had the
following order of aromatics (55.2%) > alkenes (33.7%) >
halocarbons (5.9%) > alkanes (3.3%) > amines (1.0%) >
OVOCs (0.9%). The top ten VOCs in 65 species accounted
for 92.9% of total OFP (Figure 4), and the most abundant
species is xylene/ethylbenzene (38.0%). The other nine species
are pentene (11.4%), trimethylbenzene (10.7%), butene (9.7%),
isoprene (6.9%), 1, 3-butadiene (4.6%), toluene (4.0%), 1,1-
dichloroethylene (2.9%), (2.8%),
diethylbenzene (1.9%).

For the OFP contribution of each industry, the textile
industry had the highest OFP contribution rate of 12.9%,
followed by the printing (11.5%), AM (11.2%), WPFM
(11.2%), packaging (10.6%), MM (8.6%), EE (8.0%), chemical
(7.8%), and petrochemical (5.7%) industries (Figure 5).

1,3-dichloropropene and
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Discussion

Characteristics of provincial
concentration and compounds

This study is the first systematic survey of atmospheric VOCs
concentrations and compounds at the provincial level (i.e., Jilin
Province) in Northeastern China, covering most cities and major
polluting industries. As the important precursors of ozone
formation, VOCs monitoring was mainly conducted in
densely populated and economically developed areas (e.g.,
BTH, YRD, and PRD) (Li et al, 2018; Wang et al, 2020a;

Xiong and Du, 2020; Gu et al, 2021). Thus our
implementation fills the gap for Northeast China. During the
monitoring  investigation  period, the average VOCs

concentration is at the high end, compared to other cities like
Beijing [101.5 + 65.2 pug/m’, (Liu et al, 2021)], Zhengzhou
[29.11 + 1533 pg/m’, (Li et al, 2020b)], and Shenyang
[371.0 £ 132.4 pg/m?® (Liu et al, 2011)]. Such high levels of
VOCs concentrations, on the one hand might be due to the close

+

detection location to pollution sources around factories rather
than an ambient area; on the other hand, they are associated with
more petrochemical and chemical industries in Jilin Province,
which emit large quantities of VOCs.

Our study indicates that aromatics were the largest
contributing class of VOCs in Jilin Province. They are a
significant part of fuel volatilization and solvent use processes.
Halocarbons were the second largest contributor to VOC
concentrations, ahead of Shanghai (12.5%) (Zhang et al,
2018). Such compounds are closely related to industrial
emissions, and solvent use processes (Geng et Al. 2010), and a

frontiersin.org
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OFP contribution of top 10 VOC species in each industry.

high proportion of halocarbons in Jilin Province may be related

to the petrochemical and packaging industries. The alkanes in the

urban environment mainly come from vehicle emissions and fuel
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volatilization. The relatively high proportion of alkanes is due to

their low photochemical reactivity relative to other VOC species,

such as methylcyclohexane, nonane, pentane/isopentane (Li
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etal, 2022). Alkenes are incomplete combustion products, which
may be released from intermediate products during the process
or from raw materials in this study. Their contribution rate was
lower than that of Nanjing and Beijing (26.8% and 15.9%, L. Li,
Xie, Zeng, Wu, and Li, 2015). The OVOCs are an important part
of the combustion and solvent use process (Mo et al., 2016;
Huang et al., 2019). The proportion of OVOCs is significantly
smaller than that in Nanjing (22.3%) (Cao et al.,, 2020), Chengdu
(22.0%) (Simayi et al, 2020). This may be related to the
monitored petrochemical, printing, and pharmaceutical
factories. OVOCs may also originate from photochemical
oxidation (Li et al, 2020a), and higher temperatures may
accelerate photochemical reactions that lead to the formation
of OVOC:s and accelerate ozone production (Qu et al., 2021). In
terms of VOCs with higher concentrations, the total proportion
of dangerous aromatics toluene, ethylbenzene, and xylene (TEX)
reached 19.5%, which might aggravate human health risks and
cause chronic diseases, such as cancer and asthma (Montero-
Montoya et al.,, 2018). In addition, the high concentration of
methyl benzoate occurs near several factories in the chemical
industry of Jilin City, which is often used in industry as an
intermediate in organic synthesis and as a solvent for resins, such
as rubber. Several studies have shown that high concentrations of
methyl benzoate are irritating to the skin, and its vapor or mist is
equally irritating to the eyes and upper respiratory tract. Another
high-concentration species, phenylamine, mainly used in the
manufacture of dyes, drugs, resins, and also as a rubber
vulcanization accelerator, has high toxicity in blood and can
cause hemolytic anemia by entering the human body from the
skin and respiratory tract. Because these high concentrations or
high percentages of volatile organic compounds are harmful to
the human body, more attention must be paid to the research on
air pollution control and health effects.

Notably, the spatial distribution characteristics of VOC
pollution in Jilin Province are evident. Among the surveyed
factories, there are 24 factories with average monitoring
concentration exceeding 600.0 pg/m’, and 20 of those high-
concentration factories are concentrated in the central cities of
Jilin and Changchun. Such high levels are mainly influenced by
the petrochemical and chemical industries, which are associated
with a more developed economy, intensive industrial activities,
and a high density of population and road network in a limited
space in the central region. The spatial characteristics indicate
that the follow-up study must focus on the central cities of Jilin
Province.

Local sources profiles of volatile organic
compounds for the cold region of
Northeast China

The industrial painting process is employed in AM, WPEM,
EE, and MM industries (Zhou et al., 2020). Benzenes, such as
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TEX, are typical species of paints and thinners, and the VOC
composition of industrial paints is more variable than in other
studies due to differences in product requirements and paint use
standards in specific areas. The AM industry emits aromatics
such as xylene/ethylbenzene and halocarbons, although Yuan
et al. (2010) focused on aromatics such as m/p-xylene and
toluene. However, MM and WPFM industries are dominated
by aromatics, which is consistent with the study by Junyu et al.
(2013) (Zheng et al., 2013). The high concentrations of benzene
emitted indicate that the VOC composition characteristics of
these four industries are highly correlated with the raw and
auxiliary materials used. However, Junyu et al. (2013) reported
that the impact of OVOCs cannot be neglected, and the
differences among the results are related not only to various
VOC species in the raw materials, but also to the inconsistency of
the tested species in these studies. As a typical solvent-using
source, VOC concentration characteristics from the printing
industry exhibited significant variations from those of
industrial painting. Yuan et al. (2010) found that the printing
industry in Beijing is also dominated by aromatics, particularly
xylene. The printing industry in Beijing is affected by heavy
hydrocarbons such as n-decane (16.9%), n-nonane (14.8%), and
n-undecane (13.0%), whereas the printing industry in Jilin
Province is dominated by halocarbons, such as trichloroethane
(5.9%) and 1,1-dichloroethylene (5.3%). The use of organic
solvents such as adhesives and detergents may cause similar
aromatic pollution, but these species may vary according to the
type of solvent used in different areas and the printing process
used by the monitoring factories. The petrochemical industry,
including the petroleum refining industry and petrochemical
industry, is one of the industries with the highest concentration
of VOC emissions in Jilin Province. Previous studies reported
that alkanes were the main VOCs class in the petrochemical
industry in both Shandong province (Lv et al., 2021) and YRD
(Mo et al,, 2015), while our study mainly comprised halocarbons
and alkanes, indicating regional differences in species tracers for
the same industry. Propane (19.9%), propylene (11.7%), ethane
(9.5%), and isobutane (9.2%) were the dominant species in the
YRD, however, these species are not detected in this study due to
different monitoring species in these two studies. The source
profiles from Shandong suggested the higher concentrations of
cis-2-butene (14.5%), n-pentane (10.2%), n-butane (7.4%),
isopentane (6.5%), and MTBE (5.9%). In contrast, these
occurrence of species in Jilin province are low (0.2%-5.6%).
Moreover, there are also significant differences in the source
profiles of Shandong and the YRD. Key species vary depending
on the production process and changes in source profile synthesis
may also explain these differences. In addition, the high
proportion of alkanes in Mo et al. (2015) and Lv et al. (2021)
studies is highly correlated with the type of feedstock and
products used in specific process facilities. The factories were
analyzed without considering the specific process unit in this
study, which may be another important factor of species
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variation. The chemical industry is another source of high VOC
concentration in Jilin Province, including petroleum, coal and
other fuel processing industry, chemical raw materials and
chemical products industry, rubber and plastic products
industry, pharmaceutical ~manufacturing industry, and
chemical fiber manufacturing industry. The chemical industry
is mostly concentrated in Jilin City, where the average
monitoring  concentrations are above 600 ug/m’ in
17 factories, with the highest concentration reaching up to
17151.0 ug/m®. These high real-time concentrations indicate
the possibility of serious fugitive leaks from chemical factories,
which explains the high pollution concentration levels in the
chemical industry. Therefore, due to the complexity of the types
of petrochemical and chemical factories in Jilin Province and the
possible leakage, high concentration industries must be subject to
continuous monitoring.

This study shows that the contribution of each industry to
regional VOC emissions varies in different regions because of the
diversity in industrial structure, production, and population.
Further, the same industry in Jilin Province had various VOC
compositions in each region, which is caused by the factors of
organic raw and auxiliary materials, production processes,
product types, and governance equipment. Taking the case of
the WPEM industry located in Jilin, Liaoyuan, Changchun, and
Yanji, wood is a natural source of VOCs, which can cause
differences between the composition of VOCs and regions
depending on the type of wood used by the industry. The
concentration of VOCs in wood depends to a large extent on
wood compounds as well as on the boundary conditions (drying,
storage, etc.) or the levels of VOC species in various processes
(Boren etal., 2018). Then, there is the chemical industry, which is
distributed in Jilin, Tonghua, Liaoyuan, Siping, Yanji, and
Changchun. Unlike other cities, Tonghua has a single type of
chemical industry with only pharmaceutical factories. Our
detection showed TVOC levels ranging from 159.3 to
389.0 pg/m’, with real-time levels exceeding 600 pg/m’ in four
enterprises during the monitoring period. Pharmaceutical
factories contributed halocarbons (Cheng et Al 2021), but
YRD emitted aromatics, whereas this study was dominated by
alkanes and alkenes. The difference is related to the various target
products of the monitored factories and APIs (Active
Pharmaceutical Ingredients).

In summary, through systematic comparison and analysis, the
local VOCs concentration and composition in Jilin Province are
complicated due to evident differences in the regional, industry, as
well as industrial structure, and process. Thus, further research is

needed on industries with local characteristics and high pollution levels.
Assessment of ozone formation potential

As an important indicator, OFP is used to evaluate the
correlation between VOCs and ozone. Based on the OFP
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calculation results, this study shows that aromatics and
alkenes are the key components of O; formation, which is
higher than that in the PRD (80%) (Louie et al, 2013).
Previous studies reported that alkenes are the most abundant
class of the OFP in most regions, such as Shandong (59.4%) (Gao
et al, 2021) and Wuhan (49.5%) (Hui et al, 2020). In their
studies, alkenes such as ethene (31.1%) (Hui et al., 2020) and
propene (39.4%) (Gao et al., 2021) were not included within the
monitored species in this study. We also calculated and
compared the ratio of OFP for each industry, presenting that
textile, AM, printing, WPFM were the four industries that have
the strongest influence on ozone formation. They can be
considered as the major industrial sources of regional ozone.
Furthermore, these four industries are all related to the process of
solvent usage. Moreover, the OFP of some observed VOCs was
not examined, because their related factors were unavailable.
Thus, the total OFP was underestimated.

In the view of chemical reactivity, alkenes ranked fourth in
concentration, but second in OFP contribution, which indicates
the considerable proportion of hydrocarbons reactivity by
alkenes. On the contrary, the concentration ratio of alkanes
and halocarbons was higher than that of alkenes, but the
proportion of OFP  was which
demonstrated the relatively low chemical reactivity of these

significantly  lower,
two classes. Moreover, the top ten VOC species contributing
to OFP accounted for 92.9% of the total OFP, but only 52.2% of
the concentration (Figure 4). This is attributed to the divergent
chemical reactivity of individual species, and the fact that species
with a large concentration rate are not necessarily equally
significant for OFP, i.e., there are variations between species
based on the concentration and OFP proportion.

The above results supporting VOCs’ elaborative control policies
must be developed by the industry in future research. In brief, during
the process of regional ambient ozone prevention and control, it is
essential to control not only the concentration of VOC, but also
specified species that significantly contribute to ozone formation.

Through the analysis of this observation, a preliminary
understanding of VOC and OFP in Jilin Province was obtained.
Due to the short duration of the cruise monitoring, the analysis of
the “normalized” distribution pattern of pollutants in the study area
is insufficient, and the contribution of each industry needs to be
further analyzed. It is suggested that VOC monitoring and analysis
should be continuously strengthened for different seasons and
in the
comprehensive VOC pollution spectrum in Jilin Province.

industries future to obtain a clearer and more

Conclusion and implications

The study, for the first time, surveys the VOCs background
covering most emission industries at the provincial level in
Northeast China characterized by the highest latitudes, heavy
industrial area, and longest heating period. The urban pollution
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status of VOCs in various types, local source profiles, and the ozone
formation potential for different species was obtained. We find large
variations in VOC concentrations and compositions between
industries and cities, and also between processes and materials in
the same industry. In terms of spatial distribution, the highest VOC
concentrations are found in central urban agglomeration with
chemical, AM, and WPEM industries. On the provincial scale,
three main compounds including alkanes, alkenes, and halocarbons
contribute to more than 50% of TVOC. Local source profiles present
high concentrations contribution from xylene/ethylbenzene during
industrial coating process (e.g., AM, WPEM, EE, and MM) and
solvent use process (e.g, printing and packaging), while the
petrochemical and chemical industries are dominated by
halocarbons. For OFP, aromatics (55.2%) and alkenes (33.7%)
are the most abundant VOC species, and textile, AM, printing,
WPFM are the greatest contributors to Jilin Province. These results
suggest that highly polluted cities (i.e., Changchun, and Jilin) and
highly polluting processes in industries (i.e., petrochemical, and
chemical) must focus on regulation technology in the future.

Throughout the cruise monitoring process, the system
overcomes the adverse environmental factors such as bad road
conditions and vehicle bumping to obtain reliable data and meet the
requirements of data measurement and environmental adaptability.
VOC:s cruise vehicles usually travel on the road, there is a certain
distance from the source of pollution. The monitoring
concentration is affected by the meteorological conditions and
the natural diffusion of pollutants. The meteorological conditions
(e.g., temperature, humidity, wind speed, and wind direction) have
certain effects on the results of atmospheric VOC monitoring, such
as temperature affects the photochemical reaction of VOCs in the
atmosphere, and wind speed has both an increasing and diluting
effect on pollutant concentrations. Considering these factors, we
chose our monitoring period in clear weather and weak wind
meteorological conditions for monitoring. Due to the short
duration of cruise monitoring, VOCs cruise monitoring results
and traditional off-line sampling laboratory analysis results
should be further verified and improved.
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